We report the growth and magnetic properties of BeTe with Cr doping grown on GaAs͑001͒ substrate at Te-rich condition by solid-source molecular-beam epitaxy. Ferromagnetisms were observed for films with high Cr concentration, x. The Curie temperatures T C for x = 0.13 and x = 0.17 are 175± 5 K, while the T C for x = 0.27 is 250± 5 K. Structural properties were studied by in situ reflection high-energy electron diffraction, atomic force microscopy, and x-ray diffraction. Be 1−x Mn x Te and Cr 1−␦ Te films were also grown and compared with the Be͑Cr͒Te films. We show that the ferromagnetic ordering of Be͑Cr͒Te films can be attributed to precipitations of NiAs Cr 1−␦ Te.
I. INTRODUCTION
Ferromagnetic ͑FM͒ diluted magnetic semiconductors ͑DMSs͒ refer to semiconductors which exhibit a long-range ferromagnetic order at some finite temperature. They can be obtained by alloying the nonmagnetic semiconductors with a fraction of magnetic dopants. With FM DMSs, it allows us to explore many fundamental spintronics physics and device fabrication. Notable examples include III-V semiconductors such as Ga 1−x Mn x As. Though II-VI DMSs are generally paramagnetic ͑PM͒ or FM at very low temperature, recent reports on high T C FM Zn 1−x Cr x Te had motivated us to search for promising II-VI FM DMSs.
1,2 Among II-VI compounds, BeTe is a promising candidate due to its several unusual properties. 3 BeTe exhibit a stable zinc-blende structure with a lattice parameter of 0.46% smaller than GaAs and it has a higher degree of covalent bonding than all of the other II-VI compounds. This gives it the highest formation energy for stacking faults among the III-V and II-VI compounds and thus allows a good quality, pseudomorphic, heteroepitaxial growth on GaAs substrates. It also allows a very high p dopability ͑Ͼ1 ϫ 10 20 cm −3 ͒. In addition, BeMnZnSe had been used as a spin aligner in a spin light-emitting diode to demonstrate the spin injection of polarized electrons into GaAs with a polarization degree up to 80%. 4 Molecularbeam epitaxy ͑MBE͒ growth of p-type Be 1−x Mn x Te, a holemediated FM DMS on GaAs by N doping, has also been reported. 5 Though the half metallicity and stability of the FM spin configuration for Cr-doped BeTe without the need of n-or p-type doping have been predicted by first-principles calculations, 6 no growth of Cr-doped BeTe has been reported yet. We believed that the small lattice mismatch between BeTe and GaAs can be further reduced by the introduction of a small amount of Cr, thereby improving the quality of the Be 1−x Cr x Te epilayers grown on GaAs͑001͒. In this work, we have investigated the structural and magnetic properties of BeTe with different Cr doping concentrations grown on GaAs͑001͒.
II. EXPERIMENTAL DETAILS
The growth was carried out in a solid-source MBE system using elemental Be, Cr, Mn effusion cells, and Te-valved cracker. Be͑Cr͒Te films with a thickness of about 100 nm had been grown on bare GaAs͑001͒ substrates at 250°C. A thin BeTe buffer layer was grown before depositing Be͑Cr͒Te. The Be cell temperature was kept constant for all the growth and the Cr cell temperature was varied to provide a nominal concentration, x, between 0 and 0.27. The Te/ Be flux ratio was typically about 4. Be 1−x Mn x Te and Cr 1−␦ Te films were also grown on GaAs͑001͒ between 200 and 250°C in the same MBE chamber. The growth was monitored in situ by 20 keV reflection high-energy electron diffraction ͑RHEED͒. The surface morphology was studied by atomic force microscopy ͑AFM͒. The crystal qualities were studied by Cu K␣ high-resolution x-ray diffraction ͑HRXRD͒ and the magnetization measurements were carried out using superconducting quantum interference devices ͑SQUIDs͒ with an in-plane applied field. become modulated in intensity ͓see Fig. 1͑a͔͒ . When x Ͼ 0.05, a bright ͑1 ϫ 1͒ spotty pattern was observed immediately after the Cr shutter was opened. The stacking fault lines were also observed at high x, as shown by the crosses observed in Fig. 1͑b͒ . However, for Be 1−x Mn x Te, ͑2 ϫ 1͒ streaky patterns were still clearly observed when x = 0.03 ͑not shown here͒.
III. RESULTS AND DISCUSSIONS
No hysteresis was observed in the field-dependent magnetization ͑M-H͒ curves obtained at 5 K for Be͑Cr͒Te films with x Ͻ 0.13. Hysteresis curves were observed only for films with x = 0.13, 0.17, and 0.27, as shown in the insets of Fig. 2 , which indicates clearly the FM ordering. From the temperature-dependent magnetization ͑M-T͒ curves shown in Fig. 2 , T C ϳ 175± 5 K was obtained for films with x = 0.13 and 0.17. For x = 0.27, we obtained a hysteresis loop with large coercive field at 5 K and the T C ϳ 250± 5 K. We notice that the coercive field and T C for the samples with different Cr compositions ͑x = 0.13 and 0.17͒ have very close values. This in principle indicates the presence of secondary phases with the same composition in both samples. The increase of magnetization with increasing temperature below 25 K in Figs. 2͑b͒ and 2͑c͒ suggests the presence of the antiferromagnetic ordering as well. This behavior can be explained by a change from a canted FM structure to a collinear FM structure, which had also been observed in Cr 1−␦ Te. 7 Atomic force microscopy images ͑not shown here͒ reveal that the Cr doping roughened the surface. The rootmean-square ͑rms͒ roughness increases from 0.65 nm ͑x =0͒ to 4.30 nm ͑x = 0.27͒ with increasing x, which correlates well with the RHEED observations. Films with rms Ͼ 1.5 nm are all FM. Based on Vegard's law ͓using the lattice constants, a = 5.6269 Å for BeTe ͑Ref. 8͒ and a = 6.2920 Å for hypothetical zinc-blende CrTe ͑Ref. 9͔͒, the full lattice match with GaAs͑001͒ is found to be at x ϳ 0.04. We would thus expect the crystal quality to become better with increasing x up to 0.04. Figure 3 shows the ͑002͒ diffraction peaks of Be͑Cr͒Te as well as GaAs substrates. Unlike the Be 1−x Mn x Te film, where the peak shift indicates that substitutional Mn was observed, there is almost a negligible peak shift with x = 0.035 in Be͑Cr͒Te film ͑see Fig. 3 and the inset͒. When x Ͼ 0.035, the ͑002͒ peak in -2 HRXRD scan decreases in intensity and the peak broadens. This suggests that the solubility limit of Cr in BeTe is very low and the Cr atoms were not able to be incorporated substitutionally. Thus the Cr atoms may have gone into interstitial sites or precipitated out. But the -2 scan did not reveal any secondary phases except BeTe within the detectable limits. We note that HRXRD may not be sensitive enough to detect the precipitates when the amount is very little or when they are amorphous.
As shown in the M-T curves in Fig. 4 10-12 Among these, only Cr 2 Te 3 ͑␦ = 0.333͒ has T C from 170 to 180 K, 11 and Cr 5 Te 8 ͑␦ = 0.375͒ is known to have a T C of 245 K. 12 Therefore, the FM properties observed in the Be͑Cr͒Te films are very likely due to the formation of these FM Cr 1−␦ Te NiAs phases, namely, Cr 2 Te 3 for x = 0.13 as well as x = 0.17, and Cr 5 Te 8 for x = 0.27. The fact that the T C of Cr 1−␦ Te films strongly depends on the Cr composition shows that a scaling of T C vs x may not be a conclusive piece of evidence for a pure DMS, particularly for highly Cr-doped ZnTe.
IV. CONCLUSIONS
In conclusion, BeTe with Cr doping were grown by MBE on GaAs͑001͒ and the effect of Cr doping on the structural and magnetic properties was studied. We have also compared its properties with Be 1−x Mn x Te and Cr 1−␦ Te films grown by MBE. For BeTe with low Cr concentration ͑x Ͻ 0.13͒, no ferromagnetism was observed. Films with x = 0.13 and 0.17 are FM with T C = 175± 5 K, while films with x = 0.27 are FM with T C of 250± 5 K. Be͑Cr͒Te and Cr 1−␦ Te films show similar behaviors in our magnetization results. This result together with the degraded crystal quality observed suggested the formation of FM Cr 1−␦ Te secondary phases. This also calls into question the origin of ferromagnetism reported in Zn 1−x Cr x Te DMS. We also found that, unlike Mn, Cr atoms were difficult to be incorporated substitutionally into BeTe lattices and thus its solubility limit in BeTe is very low. 
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